Many paradigms for comparing identification thresholds with detection thresholds require the observer to make double judgments. We show that these paradigms can produce misleading results because of response biases and attentional shifts. For example, the subject's response bias plus correlated noise can mimic inhibition between channels. Some of these same problems can affect single-judgment paradigms. A detailed analysis of the doublejudgment forced-choice paradigm reveals that there are a multiplicity of optimal strategies, some of which enhance identification over detection. Several improved analysis techniques for minimizing the effects of cognitive factors are proposed for both the double-judgment forced-choice paradigm and the double-judgment rating-scale paradigm. A classification scheme for distinguishing different types of interactions and correlations is developed.
Stimuli that are just barely visible provide a great challenge to the vision researcher. This regime between threshold and two or three times threshold, which we shall call the parathreshold regime (para from the Greek, meaning near, beyond), offers the opportunity for learning much about the bandwidths, interactions, nonlinearities, labeling, and other properties of the underlying mechanisms. 1 -7 One of the dominant features of the parathreshold regime is that some stimulus attributes can be identified. By comparing the identification threshold of a feature with its detection threshold, a quantitative scale of attributes can be developed. The challenge is that these properties are easily camouflaged by high-level processes such as attention shifts, criterion shifts, and nonoptimal detection strategies. The present paper describes some of the methodological problems associated with parathreshold psychophysics. Difficulties in interpreting the popular double-judgment, two-alternative forced-choice paradigm will be pointed out, and methods for overcoming some of the difficulties will be offered. A new method for analyzing double-judgment rating-scale data will also be proposed and applied to frequency-discrimination data.
It is helpful to divide the different experimental paradigms into two categories: single knob and double knob. The term "knob" is used to evoke the image of a physical knob on the stimulus generator. The number of knobs is the number of degrees of freedom in the stimulus. We use the word "knob" rather than "dimension" because, as will become clear, some single-knob experiments require multiple dimensions for analysis. Single-knob stimuli can be represented on a straight line, and a central question in single-knob identificationdetection experiments is to ask to what extent the subjective percepts also have the topology of a straight line. Doubleknob experiments involve the investigation of multiple percepts and thus probe much more complex interactions than do single-knob experiments.
SINGLE-KNOB PSYCHOPHYSICS
In a single-knob experiment the stimulus pattern can be written as P(k), where k is a single continuous parameter (knob) such as contrast. The detection threshold corresponds to the value of k for which the pattern P(k) is just discriminable from P(O). In single-knob experiments, the identification threshold is the value of k for which P(k) is just discriminable from P(-k). Single-knob detection-identification stimuli become especially interesting if the point k = 0 is a special point in the domain-a natural zero. An example of an interesting single-knob experiment is the detection of a sudden increment or decrement in luminance. The detection of the change can have a lower threshold than the identification of the sign of change. 8 This is because the nochange condition is a natural zero point of the continuum, and there may be mechanisms or strategies that signal any change independent of the direction of the change. If there is no special zero reference point, then, as will be discussed, detection and identification are done by the same mechanisms and do not provide independent information about visual processing.
A useful representation for observer responses in parathreshold experiments is shown in Fig. 1 . The axes of this plot are the activities in two independent channels. 6 The section on double-knob paradigms describes how a model involving a multiplicity of mechanisms can be transformed to this two-channel diagram. One can think of the two axes as representing the firing rate of different sets of neurons. The horizontal axis represents those mechanisms (to be called the bipolar channel) that are sensitive to and can identify the polarity of k, and the vertical axis represents those mechanisms (to be called the monopolar channel) that are sensitive only to the magnitude of k and not to its sign. The three circles represent the noise variance for patterns P(-k), P(O), and P(k). For concreteness, consider a pattern consisting of a first plus third harmonic: P(k) = cos(fx) + k cos(3fx). High-spatial-frequency mechanisms whose peak sensitivities (fin) are above the third harmonic (fin > 3f) would be sensitive to the presence of the third harmonic and would not significantly respond to the fundamental. The activity in these mechanisms corresponds to the vertical (monopolar) axis of Fig. 1 , since these mechanisms respond equally to both +k and -k (contrast mechanisms). Mechanisms of a different group with peak sensitivity near the second harmonic (fm -2f) are able to respond to both components of the pattern (e.g., edge-sharpness mechanisms). These (bipolar) mechanisms correspond to the horizontal axis, since a linear mechanism that summated the two components for positive k would subtract the two components for negative k. Stromeyer and or negatively to the -k stimulus (and vice versa). Independence is not likely to be found in single-knob experiments in which the +k and the -k stimuli lie along a single continuum. Table 1816 lists a sampling of single-knob experiments in Fourier components (signaling a break in the line). Bipolar cues are associated with the orientation and the phase of the pattern's Fourier components (signaling whether the line is tilted to the left or to the right).
One additional example that can help to clarify the distinction between monopolar and bipolar cues was given by Tolhurst and Dealy.1 6 Their experiment dealt with detection and polarity identification of lines and edges. This is an interesting case, since physiological and anatomical studies show clean separation of on and off units in the retina' 7 and the lateral geniculate nucleus. 8 Even if these units were to act independently (with half-wave rectification causing the off units not to respond either positively or negatively to a light line), effective monopolar and bipolar channels could be formed by taking sums (monopolar channel) and differences (bipolar channel) of the on and the off mechanisms. Psychophysical measurement of the bipolar sensitivity provides an indication of the extent to which the labeling of the units is maintained through the entire visual system. As Tolhurst and Dealy point out, the inhibitory surround of line and edge mechanisms would increase their monopolar activity. Thus a light-bar mechanism will have an excitatory response to a dark bar that is slightly displaced, falling in the inhibitory surround. Since many visual domains (orientation, temporal luminance response, and stereopsis as well as spatial luminance) have inhibitory surrounds, the pervasive presence of monopolar mechanisms are not surprising. Three techniques will be described for analyzing singleknob experiments: separate runs, double-judgment forced choice, and ratings-with-confusion.
Separate Runs
The simplest experimental paradigm is to perform separate signal-detection experiments for detection and identification.
The detection paradigm would randomly intermix patterns P(0) and P(k). On each trial the observer would make a judgment about which stimulus was presented. Threshold can be defined as the value of k at which 75% of the judgments are correct. The identification paradigm would intermix
P(-k) and P(k).
The parameter commonly extracted from such experiments is the ID ratio. This ratio gives a measure of how well a pattern can be identified as compared with its detectability. On way to define the ID ratio is to compare the thresholds for identification and detection. But this definition is too The theme of the present paper is that double-judgment paradigms are associated with problems of response bias, nonoptimal placement of criteria, and sensitivity to attentional shifts. It is generally assumed that the separate-runs paradigm avoids these problems and produces unbiased IID values. Unfortunately, there is evidence' 9 that even in the separate-runs paradigm the observer exhibits nonoptimal behavior and attends to irrelevant channels. In the section on double-knob experiments, it will be shown that this behavior can produce increased ID values that can be interpreted mistakenly as inhibition among channels.
Double-Judgment, Two-Alternative Forced Choice
In the double-judgment, two-alternative forced-choice (2 X 2 AFO) paradigm introduced by Nachmias and Weber, 2 0 each trial consists of a pair of stimuli presented in two intervals (either spatial or temporal). One of the intervals contains the pattern P(0) and the other interval contains either P(k) or P(-k). The intervals are randomized, and the sign of k is randomized from trial to trial. The observer makes both a detection judgment about which interval has k id 0 and an identification judgment about the sign of k. This method has the advantage that detection and identification are measured within a single run, thereby reducing some variability. However, the double-judgment forced-choice technique will be shown to be error prone in that strong biases to the IID ratio can be introduced. The nitty-gritty details of how to calculate the ratio of identification to dtection from forced-choice experiments will be illustrated using data from a bisection experiment by Allik et al. 1 5 The observer's task was to judge the horizontal location of a spot projected near the center of a circular background. A 2 X 2 AFC procedure was used. In one of the temporal intervals, a centered spot was presented. In the other interval, a spot was presented with an offset either to the right or to the left. The two intervals were separated by 900 sec. The data for one of the observers are presented in Table 2 . Four hundred observations were made at each of five offsets.
The second through fifth columns in Table 2 give the raw data. Consider the row with a displacement of 2.4 min of arc.
The interval-detection judgment (D) and the direction- I/D ratio is given by \/ times the z-score ratio (Table 2 , seventh column, I1/D). The extra factor of \ is needed to compensate for the fact that in a 2 X 2 AFC paradigm both intervals contain equally strong information relevant to the detection decision, whereas only one interval contains information relevant to the identification decision. Doubling the number of observations should thus increase the detection z score by \2. The I/D value of \ * 1.53 = 2.16, shown in the seventh column of Table 2 , is compatible with a bipolar mechanism for which I/D = 2.0 is expected. As will be seen, however, the story is more complicated. An alternative method for calculating the I/D ratio is to use a different formula for the proportion to correct identification. Suppose that only those trials in which the interval judgment was correct are considered (on the implicit assumption that one cannot identify an undetected stimulus). In that case
p(I) is given by p(I) = p(+D, +I)I[[p(+D, +I) + p(+D, -I)]
= 258(258 + 8) = 0.97, corresponding to a z score of 1.88 and an I/D ratio of N * 1.88/0.426 = 6.24, as is shown in the eighth column of Table 2 (I2/D).
The second method for calculating I/D consistently produces much larger values for each of the stimulus offsets in Allik's experiment. Which method is the correct one? We shall argue that neither method is correct. Before embarking on the new analysis, it is useful to consider a different set of data. Table 3 shows data from the experiment of Tolhurst and (1) They are one of the few published data sets in which all four response categories are available.
(2) The two methods for calculating the I/D ratios ( were almost as good as their detection judgments (the percentage of correct detections was about 5-10% greater than the percent-correct identifications), they conclude that thin lines are detected by separate, independent mechanisms that can signal both the presence and the polarity of the line.
However, independent mechanisms would predict a value of
As is seen in Table 3 , the data of Tolhurst and
Dealy exhibit a good deal more confusion between the two stimulus polarities than would be expected of independent mechanisms. Their data show the presence of extra monopolar mechanisms that contribute to the detection decision.
The next subsection focuses solely on the bipolar channel. By isolating a single channel, it is possible to model the system in detail, including the effect of correlated noise. the boundaries of the subjective space corresponding to the four possible judgments. For example, the weighted area of the left-hand region (horizontal cross-hatching) is proportional to the probability that the stimulus +k in interval 1 would be judged as being stimulus -k in interval 1. If the probability function is a two-dimensional Gaussian, then the probability of finding a given activity on any one trial is G (x,
Analysis of
, where x and y are the activities in intervals 1 and 2, k is the displacement resulting from the stimulus in interval 1, and a is the standard deviation of the noise. An important property of the Gaussian distribution is its separability under rotated coordinates. In particular, it is separable if the diagonals become the coordinate axes G(x, y) = S(x -k + y)S(x -k -y), (1) where
Soparability provides important constraintg on the four judged probabilities. Let q be the probability of correct identification independent of the correctness of the interval
For the symmetric situation shown in Fig. 2b , the probability of a response in each of the quadrants is given by
The bracketed values are examples for the case q = 3/4 corresponding to Fig. 2b . An attempt to apply this model to Allik's data in Table 2 +I). Previous models of 2 X 2 AFC would predict the opposite result 6 [see Table 6 , where P(-D, -I) << P-D, +I), for the predictions of Thomas et al. 6 ]. Allik's results become less mysterious once one considers the conditions of his experiment.' 5 The observer had to judge the position of a spot on a large background. It is reasonable to expect that even with feedback the imagined center of the display will drift. On a given trial, the imagined center may be displaced to the left, so that the spot in each interval appears to be right of center. If the imagined center were on the right, then both judged locations would be to the left. Similar correlated shifts in criteria are commonly found in psychophysical experiments. They are indistinquishable from correlated sensory noise. We use the general term correlated noise to refer to both correlated shifts in criteria (across intervals or across channels) and correlated activity in sensory channels. Correlated criteria noise can occur in almost any stimulus domain if the natural zero point is weak. For example, in a color-detection-identification experiment, the blank might appear slightly colored. Similarly, in a phase-discrimination experiment using the stimulus P(k) = cos x + k cos 3x, the P(0) stimulus at times tends to look like a square wave, causing fluctuations in criteria. In the presence of correlated noise, the distributions become elongated in the direction of the positive diagonal, as is shown in Fig. 3 . Consequently, judgments about the absolute position of the stimulus (the position averaged over the two intervals) are poor. But judgments are quite good for the relative position between the two intervals (the position in 1i compared with the position in I2).
The distribution shown in Fig. 3 is still separable and is given by
where S(z) is given by Eq. 
With this two-parameter model of the three probabilities (the fourth probability is never free since the four must sum to together with correlated noise. This result is not surprising and is equivalent to saying that the zero point of the stimulus continuum is not special.
For the data of Tolhurst and Dealy,' 6 on the other hand, the X 2 test of Table 3 is able to reject the bipolar hypothesis. This is expected since the I/D ratio (seventh column) is much below the value of 2 expected for bipolar mechanisms and even below the value of 1.4 expected for independent mechanisms. The values in Table 3 show that, in agreement with our earlier discussion, the line detector has a strong monopolar component whereby the stimulus can be detected better than it can be identified. The chi-square test described above is a powerful method to be used in any 2 X 2 AFC experiment in which there is a possibility that only bipolar mechanisms are being used. The section on double-knob 2 X 2 AFC experiments
Rating-Scale Paradigm-The Confusion Parameter
The rating-scale paradigm is our preferred method. It has been used to compare detection and identification thresholds for jump displacement,1 3 vernier acuity, and bisection acuity. 1 2 The method is described in the appendix to the study of Levi and Klein on hyperacuity in normals and amblyopes.12
In a typical experiment, a vernier target is shown using the method of constant stimuli in which five possible offsets are intermixed: large and small leftward and rightward offsets and a lined-up (0-offset) condition. The observer makes a rating judgment by giving integers from -2 to +2 corresponding to the stimulus categories. Thus, for the lined-up condition, the observer will tend to respond with a 0 (assuming that the observer can detect an offset), and, for a large rightward offset, the observer will tend to respond with a +2 (assuming that the observer can detect and discriminate the direction of the offset For the present discussion a simpler case will be analyzed.
Consider a phase detection-identification experiment similar to that of Pass and Levi 2 l in which three stimulus patterns are shows that when the left sawtooth (L) was presented 1000 times, it was correctly identified 500 times, was confused with a sinusoid (S) 477 times, and was confused with a right sawtooth (R) 23 times. Figure 4a shows the underlying signaldetection distributions corresponding to this data set. set A by assuming 25% confusion. Confusion means that, on 25% of the sawtooth presentations, their symmetry is perceived as reversed. Thus a left-sawtooth stimulation with no extra confusion would result in 500 correct responses (out of 1000 presentations) and 23 right-sawtooth responses. These 23 wrong responses are not due to confusion but rather are a consequence of the low signal-to-noise ratio of the stimuli.
The introduction of a confusion parameter corresponds to the presence of a monopolar mechanism that reduces the ID ratio below 2. A confusion parameter of 25% would reduce the number of correct responses to the left sawtooth to (3/4) X 500 + (1/4) X 23 381. The underlying distributions for this case are shown in Fig. 4b .
In order to analyze general single-knob signal-detection data, we have developed a computer program called ROC FLEX. The three-stimulus-three-response paradigm seems straightforward, but any hypothesis other than the confusion model as implemented by ROC FLEX can lead to problems. There is no problem with measuring identification, since one can simply remove the blank stimuli from consideration and calculate the d' based on the responses to the +k and -k stimuli. However, how should detection be measured? The goal is to obtain a detection measure that agrees with the detectability obtained in a run in which only the blank and the +k stimulus were intermixed. The simple hit rate (or its z score) is not a good measure, since it depends on the criterion used by the observer. Any measure based on d', which compares the blank stimulus with the signal stimulus, will underestimate the detectability if the confusion parameter is ignored. It was in order to deal with the simple 3 X 3 case that the confusion-parameter formalism was developed.
For the symmetrical 3 X 3 data set B given above, it is possible to go through the steps that lead to the estimation of d' and the confusion parameter:
(1) The criteria placements are determined from the response to the blank stimuli. Thus a 15.9% false-alarm rate for both the k = -1 and k = +1 responses implies that the criteria are at z scores of -1 and +1.
(2) The detection d' can be determined by the miss rate that gives the fraction of times a stimulus is presented and judged to be a blank. For data set B the miss rate is 47.7% for both the k = -1 and the k = +1 stimuli. Signal-detection theory states that the expected probability is given by the area under a Gaussian distribution as bounded by two criteria. 
TWO-KNOB EXPERIMENTS
There are many domains in which double-knob experiments can be performed, but we shall focus on stimuli that are the sum of two sinusoidal gratings with the two contrasts being the two knobs. As with the single-knob experiments, three types of experimental paradigms will be considered: 2 X 2 AFC, separate runs, and rating scale.
Double-Judgment Two-Alternative Forced Choice
In the 2 X 2 AFC paradigm, a blank is shown in one interval, and one of two possible stimuli is shown in the other interval. 20 This methodology is often used in the belief that the effects of cognitive factors, biases, and response correlations are minimized. The main goal of this subsection is to show that careful analysis of the 2 X 2 AFC methodology reveals that the measured values of detection, and identification are quite sensitive to response-bias effects.
In a paper published in this issue, Olzak 25 presents data using the 2 X 2 AFC technique to measure detection and identification of pairs of gratings on two subjects. One of the gratings was always 3 cycles/degree (c/deg), and the other was 6,9, 12, or 18 c/deg. She found that the identifiqation judgment was easier (a higher z score) than the detection judgment for the 9-and the 12-c/deg case, a result compatible with either inhibition between channels or correlated noise. In this subsection it will be shown that there are additional factors that can cause better discrimination than detection. First, we consider a model in which the observer cannot fully attend to both channels. The second part of this subsection is a general analysis of the 2 X 2 AFC methodology. It will be seen that there is no single ideal observer. Rather, there are a variety of quantities that an ideal observer might choose to maximize. Some of these strategies lead to I/D ratios that could be misinterpreted as inhibitory interactions among channels.
Doubie-Judgment Two-Alternative Forced Choice and
Fluctuating Attention A trouble with the 2 X 2 AFC method is that it potentially overtaxes the human observer. In order to perform optimally, the observer must memorize a two-dimensional assessmhent about the stimulus in the first interval. Then a second twodimensional assessment must be made for the second interval.
Finally, the two assessments must be compared in order to decide on the final interval judgment and the identification judgment. In the next subsection it will be shown that the detection and the identification judgments are not independent of each other. For example, the interval with the higher detection score should getnmore weight in the identification judgment. These complexities make it difficult for the observer to achieve optimal performance.
There are several strategies that the observer can devise to cope with the four-dimensional overload. One possibility is to focus attention on only one of the stimuli. 26 If the two stimuli are very different, as are a 3-and a 12-c/deg grating, it is unlikely that the observer can attend to both fully and memorize the activity of each channel equally well in the brief time allowed. To illustrate the consequences of this nonoptimal behavior, let us suppose that on half of the trials the observer attends to mechanisms responding to the 12-c/deg grating and on the other half to those responding to the 3-c/deg grating. Suppose further than an attended grating has d' = 2 and an unattended grating has d' = 0. In that case an attended grating would be correctly detected 92% of the time (corresponding to a z score of X2 appropriate for 2 X 2 AFC), whereas an unattended grating would be detected at chance (50% correct). The prediction of the identification score is more difficult since it depends on the observer's placement of criteria, as will be discussed below in a subsection on separate runs. For optimally placed criteria, the percent of correct identifications should be close to 80%. The critical point is that for identifications the observer would use the strategy of guessing the unattended grating when the attended grating was not seen. Table 4 shows the outcomes for the different conditions. The identifications have an average of 80% correct, whereas the detections average out to be (92% + 50%)/2 = 71% correct. Olzak's 2 X 2 AFC data 2 5 have iden- tifications averaging about 80% correct and detections averaging about 75% correct. Limited attentional capacity is able to produce these results that mimic sensory inhibition.
The purpose of the present discussion is not to argue against inhibitory interactions between channels. In fact, the hypothetical example shown in Table 4 assumed total inhibition between channels. That is, when one of the channels was active, the other was totally shut down. The important point to be made is that the inhibition between channels need have nothing to do with the stimulus. The 3-c/deg stimulus might not suppress the 12-c/deg mechanisms. Rather, attentional factors could be causing the inhibition between channels, as is shown in Table 4 . One piece of evidence in favor of cognitive factors as opposed to sensory factors is the dependence of the inhibition on stimulus contrast. Sensory inhibition should increase with stimulus contrast. On the other hand, cognitive inhibition would remain relatively constant. 
The word channel will be used to refer to the activity of each component in the rotated axes.
On each stimulus presentation, the activities in the m channels are given by the average activity shown in Eqs. (5) plus a random contribution to each channel that is due to uncorrelated noise. Channels 3 through m are assumed to be orthogonal to channels 1 and 2, which respond to the stimuli v and w. We assume that the observer fully attends to the two channels that contain the stimulus information and totally ignores the other m -2 channels. In another paper in this issue, Pelli' 9 examines what happens to the detectability of a pattern if the observer does not ignore the irrelevant channels (also see the subsection on separate runs below). He investigates the case in which only a single signal channel is present. His analysis has not yet been extended to multiple-stimulus tasks.
For simplicity, the stimuli v and w will be assumed to be (1) Optimal performance is an ambiguous concept since there are different definitions of identification and of detection. (2) For the standard goal (maximize detections ignoring the identification judgment and maximize identifications ignoring the detection judgment), the optimal decision rules (placement of criteria) depend on the strength of the stimulus. This is different from one-dimensional judgments in which the results are independent of criterion placement. (3) Some decision rules degrade the detection d' while leaving the identification d' unchanged. Observers using these rules would produce results that could be misinterpreted as inhibitory interactions or correlated sensory noise.
Step 1. From m-Dimensional Mechanism Space to Two-Dimensional Decision Space. Consider m mechanisms that respond to the three stimuli v, w, and n, where v and w are the two patterns to be identified and n is the blank stimulus. The average responses (no noise) to these three stimuli can be written as m component vectors:
It is convenient to translate and rotate the coordinates to simplify the resulting formulas. The translation is chosen to N = (0, 0). (6) It is possible to represent the responses in terms of monopolar-bipolar channels by rotating the axes through 90 -0/2 deg, leading to the representation
where B = V sin(0/2), M = V cos(0/2) and the inverse rela- Step 2. Likelihood Ratios for a Single Stimulus Presentation. The channel responses to each stimulus presentation equal the average response given by Eqs. (6) plus the random activity given by (rl, r 2 ), where r and r 2 are random variables with a Gaussian probability distribution with zero mean and unity standard deviation.
Suppose that on a given trial the channel activity is X = (x, y). If the locations of the centers of the stimulus distributions given by Eqs. (7) are known (in units of the noise standard deviation), then it is possible to calculate the likelihood that each stimulus had been presented. The likelihood is directly related to the distance from the point X to the centers of each of the three distributions. The squared distances are d
v, w, and n distributions. In order to combine the likelihoods from two stimulus presentations, as in the 2 X 2 AFC paradigm, the distance can be converted to a quantitative likelihood by assuming a Gaussian distribution
where d is the distance between the channel activity and the location of the average activity for that stimulus. The normalization factor k is the same for all stimuli and is typically set by the condition that the sum of the likelihoods across all the stimuli must equal unity. Equation (8) gives the probability that the random numbers (x, y) are a distance d from the center of the distribution. In practice, only likelihood ratios are used, so the normalization factor is irrelevant. We shall set the normalization so that the likelihood of the blank stimulus n is taken to be unity. With this choice of normalization the likelihoods become
Step 3. Likelihoods for the Two Intervals in a DoubleJudgment Two-Alternative Forced-Choice Paradigm. In a 2 X 2 AFC paradigm, there is total certainty that one and only one of the intervals contains the stimulus n, with the other interval being either w or v. Therefore four likelihood ratios must be calculated: Lvn, Lwn, Lnv, and Lnw, where the first and the second letters of the pair represent the first and the second intervals. If the channel activity in the first interval is (x', y') and the channel activity in the second interval is (x, y), then the joint-likelihood ratios are given by a simple product of two terms [with one of the terms being unity because of the normalization of Ln in Eqs. (9)]: (10) where the term exp(-V 2 /2) has been dropped, since it is common to all the likelihoods and is thus irrelevant to likelihood ratios. The logarithm of the likelihood for each stimulus condition is a dot product of the channel activity (e.g., x and y) and the average expected channel activity (e.g., B and M).
Step 4. Decision Lines for Detection Judgment. Suppose that the ideal observer chooses to maximize the probability of a correct detection independent of the identity of the stimulus. The likelihood ratios Dl and D2 for the stimulus (12) where yo, the y intercept at x = 0, specifies a particular likelihood ratio. Fig. 5a are also relevant to a separate-runs paradigm when the observer attends to irrelevant channels because of uncertainty about which channel has the stimulus.
Step 5. Decision Lines for Identification Judgment. The likelihood ratio that stimulus v was presented is Lnv + Lvn.
If the quantity Lnv + Lvn -Lnw -Lwn is greater than zero, then stimulus v is more likely than w, and if it is less than zero, stimulus w is more likely and should be chosen. An equivalent procedure for the ideal observer is to calculate an identification likelihood ratio in each interval: uoolumns two through ve give the probabilities (in percent) of the four possible outcomes in a 2 X 2 AFC paradigm. For example, the fourth column [c = P(+D -I)] is the probability of the identification being wrong and the detection being correct. The sixth through eleventh columns are z scores corresponding to combinations of the raw probabilities. The sixth column [probability of correct detection independent of identification, D(+I)] is the z score of the quantity a + c. The eighth column [probability of correct detection contingent on the identification being correct, D(+I)] is the z score of the quantity a/(a + b) that considers only events with correct identification. The twelfth and thirteenth columns compare the observed detection (sixth column) and identification (seventh column) with what would be expected in a single-judgment two-alternative forced-choice paradigm. The last column is the ID ratio given by the ratio of the seventh and sixth columns times d.
+D, +I -D, +I +D, -I -D, -I D(+I) I(+D) D(+I
of the average likelihood (or equivalently the sign of the likelihood whose absolute value is greatest). If II + 2 > 0 then stimulus v should be selected and if negative then stimulus w should be selected.
The lines of constant 2 are found by setting Eq. (13b) equal to a constant. This equation can be solved to give an expression for y in terms of x: (14) where yo, the y intercept at x = 0.881/B (the point at which the logarithm vanishes) specifies a particular likelihood ratio. Figure 5a shows lines of constant 2 (the lines with positive curvature).
Step 6 Other goals are possible. Table 5 is a compilation of the probabilities of correct guesses for a variety of different goals of an ideal observer. Columns two through five in this table correspond to the four outcomes of a 2 X 2 AFC experiment as in Tables 2 and 3, except that the values are probabilities (percentages) rather than number of responses. For example, the fourth column (labeled c) gives the probability of getting the detection correct and the identification wrong, p (+D, -L) . The next six columns in Table 5 are the z scores corresponding to particular combinations of columns two through five, as is indicated at the top of each column. The six rows in each section of Table 5 correspond to six different goals guiding the ideal observer's response. Goal 1. The first row corresponds to the goal that has been discussed in steps 1-6, namely, the detection goal is to maximize the total number of correct interval discriminations (independent of identification), and the identification goal is to maximize the total number of correct identifications (independent of the detection judgment). For goal 1 the following response criteria were used: The detection judg- In Table 5 for M = B = 0.5 the z scores for the probability of correct identification (independent of detection) and of correct detection (independent of identification) are 0.372 and 0.372. These values are greater than the comparable values for the other five goals, so the entries in columns a + c and a + b are underlined. The seventh columns of Tables 2 and 3 show this percentage for the experiments of Allik et al. 1 5 and Tolhurst and Dean. 1 6 Table  5 shows that an observer using this strategy produces maximum identification scores both as a fraction of the total trials and as a fraction of the trials in which the detection judgment was correct. The LID ratio obtained using this strategy is greater than unity even with independent channels, which could be misinterpreted as inhibition between channels. Notice that for both goals 2 and 3 the identifications are at chance if the detection is incorrect (the z score in column eleven of Table 5 
vanishes). This result is similar to what
would be expected from a high-threshold assumption, whereby the weaker (undetected) stimulus plays no rule. Goal 4. The goal for the fourth row is to maximize the second column, p(+D, +L), corresponding to the detection and the identification judgments' both being correct. In Table 5 for M = B = 0.5 the probability of both judgments' being correct is 45.8%. This value is underlined, since it is the largest value in the second column. The decision rule for achieving this goal is to simply compare the four likelihoods given by Eqs. (10) and to choose the largest. If, for example, Lnw were largest, then the observer would judge that stimulus w occurred in the second interval. This goal is equivalent to the maximum rule used by Pelli for the case of orthogonal channels (see the discussion in the next subsection on the separate-runs paradigm).
Goal 5. The goal for the fifth row is to minimize the number of double errors, the complement of the preceding case. This is the same as maximizing 1/p(-D, -I) . The appropriate entry (fifth column) in Table 5 is seen to be underlined.
The decision rule for this goal is to find first the smallest of the four likelihoods given by Eqs. (10) . Then the decision is made by choosing the opposite stimulus. If, for example, Lnv 
It turns out that the decision rule is separable in terms of the monopolar and the bipolar channels.
The decision rules for goal 6 are especially interesting since they correspond to the decision rules of Thomas et al. 6 The rules of Thomas et al. can be stated quite simply: For the detection judgment choose the interval with the larger monopolar activity (e.g., if y' > y choose interval 1). For the identification judgment choose the stimulus with the larger bipolar activity (e.g., if x + x' > 0 choose stimulus v). These decision rules are convenient, since they separate the monopolar and the bipolar activity. In that case it is straightfor- Table 5 for M = 0.5) but leads to a value closer to Zd = M when M is large. Further examination of the dependence of ZD on M will be pursued in the next subsection, on the separate-runs paradigm. The identification z score is also reduced since zI = B/,\/.J for goal 6, whereas zJ -B when M is large (see Table   5 ). If the observer uses the strategy of Thomas et al. 6 for the detection judgment and goal 1 for the identification judgment, then the I/D ratio would be elevated by a factor of up to / (see Table 5 ). This elevated I/D ratio would be misinterpreted as inhibition among channels, whereas it is really One of the features of the model of Thomas et al. (goal 6 ) is that the identification and the detection judgments are orthogonal. A consequence of this orthogonality is that the two judgments are independent. Thus the percent of correct identifications should be the same whether or not the detection judgment was correct. That is, p (+D, +l)/[p(+D, +1) 
Goal 1 leads to a similar value if M is small (see

+ p(+D, -I)] = p(-D, +I[p(-D, +I) + p(-D, -I)] = p(+D, +) + p(-D, +I)
. This result can be seen by the equality of the seventh, ninth, and eleventh columns of Table   5 corresponding to goal 6 for all stimuli.
A summary of the six response strategies is shown in the six panels of 
+I)/p(-D, -I) rather p(+D, +I) + p(+D, -I).
The 
Separate Runs
In this paradigm, each different condition is run separately; so there is not a multiplicity of goals as there was in the 2 X 2 AFC paradigm. If the observer behaved optimally, then this would be the ideal method. However, interesting results from an experiment by Olzak and Thomas 2 7 provide an incentive to examine whether the separate-runs paradigm is also susceptible to the distorting affects of response bias and attentional factors. We shall argue that some of the same problems affecting the 2 X 2 AFC paradigm can also distort the separate-runs paradigm.
In an elegantly simple experiment, Olzak and Thomas 2 7 used a separate-runs paradigm to measure the detectability ]. Four factors that might account for the discrepancy between the expected and the observed results are considered: inhibitory interactions, correlated noise, fluctuating criteria, and nonoptimal criteria (attention to irrelevant channels).
Inhibitory Interactions
Olzak and Thomas 2 7 argue in favor of an interaction by which the 12-c/deg stimulus inhibits the 3-c/deg channel. However, the presence of this suppressive nonlinear interaction at threshold would imply that the standard models of spatial vision based on linear filters 28 
Fluctuating Criteria
The separate-runs yes-no paradigm makes detection and identification seem similar. In one case a blank is intermixed with a signal, and in the other case a second signal replaces the blank. The observer is asked to respond which of the two stimuli was presented. However, the decision strategy adopted by the observer is quite different for identification versus detection. Consider the case of orthogonal stimuli, whereby stimulus w does not affect the channel V and stimulus v does not affect channel W. For identification, the observer attends to both the V and the W channels and on each trial gives a response based on whichever channel has the greater activity. For detection of stimulus v, on the other hand, the ideal observer attends to just channel V, and the detection decision is determined by whether the channel activity exceeds a criterion. Nonoptimal Criteria-Attention to Irrelevant Channels It has long been known that attending to irrelevant channels degrades detection performance. 2 9 We shall explore the effects of a single irrelevant channel. Consider detection of a 3-c/deg grating, where the task is to discriminate the 3-c/deg grating from the blank. corresponding to the maximum rule is shown in the second panel of Fig. 7 .
MAXIMUM LIKELIHOOD (UNKNOWN STRENGTH)
A third rule, corresponding to the criteria of Thomas et al. ,6 is shown in the third panel. Since the criteria are straight, it is possible to predict that the detection d' of an observer using this rule would be 1// of the d' from rule 1. For m -1 irrelevant channels, the d' would be reduced to 1/IV of the optimal value. As was discussed above, this third decision rule corresponds to the observer's ignoring all bipolar information and attending only to the monopolar channel. In terms of the original orthogonal channels (V and W), the monopolar-channel activity is given by the sum of the activities in the independent channels (y = v + w). Graham et (15) where y = yo at x = 0. An advantage of this fourth rule is that it produces the maximum detection score (given that the observer attends equally to the relevant and the irrelevant channel). Nolte and Jaarsma 30 showed that rule 4 and rule 2 lead to similar results under many conditions. For the M = B = 0.5 case, the efficiency of rule 4 is about 5% greater than that for rule 2. As the number of irrelevant channels increases, we expect the difference in efficiency to increase also.
The relative efficiencies of these four rules can be compared by examining Table 5 . Although this table was formulated for the 2 X 2 AFC paradigm, the same Monte Carlo simulations can be interpreted in terms of a separate-runs procedure.
Whereas in the 2 X 2 AFC case the observer attended to two channels out of necessity, in the separate-runs case the observer attends to an irrelevant channel for reasons not now understood. The twelfth column compares the efficiency of rules 2,3, and 4 with the ideal case (no uncertainty) given by rule 1. Rules 2, 3, and 4 correspond to goals 6, 4, and 1, respectively, in Table 5 Table 5 ) and an efficiency of 85.0% when the stimulus strengthistripledto d'= 2.121 (M= 1.5and B = 1.5). Rule 3 (maximum-output rule) behaves similarly to rule 2 for the weak stimulus (71.2% efficient) and to rule 4 for the strong stimulus (84.6%). This increase in efficiency as stimulus strength increases accounts for the accelerated transducer function.' 9 2 7 A similar degradation of d' is not expected for the identification single-run paradigm, because for identification the irrelevant channel is no longer irrelevant. The identification degradation shown in the thirteenth column of Table 5 would not apply in a separate-runs identification experiment (to distinguish between stimuli v and w). Consider, for example, the results for the case M = 0.5 and B. = 1.5 in which the bipolar channel is dominant. The identification judgment is degraded by about / since the noise of the blank trial gets added to the stimulus. 3 1 In a separate-runs paradigm the noise interval would not be present, and the identification judgment should be 100% efficient.
One problem with the optimal strategy (assuming channel uncertainty) given by rule 4 is that the shape of the criteria lines depends on the observer's knowledge of the stimulus strength, M. Suppose, however, that several stimuli are intermixed within a run. In that case the criteria lines shown in the fourth panel of Fig. 7 cannot be optimal for all the stimuli. A reasonable compromise is to replace Eq. (15) The considerations of this subsection also apply to the 2 X 2 AFC case when the d' of one of the stimuli is zero (an extreme case df fluctuating attention), as is illustrated in Table  4 . In this case the two intervals correspond to the two channels of Fig. 7 , and the task of identifying the stimulus corresponds to the detection task of Fig. 7 .
The previous two subsections on the 2 X 2 AFC paradigm and the separate-runs paradigm showed that the observer's strategy for optimal performance on detection and identification depends on the observer's detailed knowledge of the response distributions and the observer's ability to place the response criteria properly. One problem with these two paradigms is that little information is available about what strategies are actually being used by the observer. In order to assess the importance of cognitive factors as compared with true sensory interactions, it is necessary to have a psychophysical paradigm that is able to reveal the underlying strategies, correlated responses, response biases, and attentional variability. The double-judgment rating-scale paradigm, to be discussed next, has much to offer in revealing what the subject is doing as psychophysical judgments are being made.
Double-Judgment Rating-Scale Psychophysics
Double-judgment double-knob experiments were introduced to acoustics by Shipley. 3 2 Nachmias (see Refs. 1 and 33) applied the technique to vision, studying the relationship of detection to identification. On each trial of his experiment, one of four stimuli was presented: B, S1, S2, or S1 + S2, where B is a blank and stimuli SI and S2 are two thresholdlevel stimuli that are adjusted to be about equally detectable (based on preliminary tests). The observers make a doublejudgment rating (e.g., using integers from 1 to 6) about the presence of S1 and S2. The data are typically analyzed by assuming that the ratings are orthogonal. With this assumption one of the ratings can be ignored, and standard rating-scale signal-detection theory can be used. Graham et al. , 33 Hirsch et al. , 34 and Olzak 35 have used this methodology to investigate detection and identification of two-component gratings.
The results of these double-judgment rating-scale experiments has been somewhat confusing. The data exhibit many complicated features: correlated noise, signs of attentional shifts, and inhibition between channels. 33 - 3 5 These complications may have discouraged some researchers from using this methodology. The opposite reaction may be more appropriate. The double-judgment rating-scale methodology is advantageous precisely because it displays the underlying strategies and the cognitive quirks used by the observer. It is better to have these elements visible rather than have them buried and create strange results, as in the 2 X 2 AFC paradigm discussed earlier. Even the separate-runs paradigm can produce erroneous results because of the observer's attention to nearby irrelevant channels. What is needed is a new technique for extracting the essential sensory information fom the rating-scale data in a way that is minimally contaminated by the subject's response biases and attentional strategies.
In order to understand the problems with double-judgment ratings it is helpful to examine a real data set. We shall apply our analysis to the data kindly supplied by Lynn Olzak. The data shown in Table 6 are from her experiments for observer LAO in which one of four stimuli was presented at random: grating. A similar data set for 3 and 18 c/deg from the same study is published elsewhere. 36 The contrast of each harmonic was fixed. The observer responded with a pair of numbers from 1 to 6. The first response was a number indicating the detectability of the 3-c/deg component, and the second number indicated the detectability of the 12-c/deg component. Each day 100 trials of each stimulus were presented at random (400 trials/day). In the table, the results from five days have been accumulated (we have also processed the data keeping each day separate, with little change in results). It is seen, for example, that when the blank was shown, the observer responded with category (1, 1) 67 times out of 500.
The remainder of this paper will use this data set to illustrate several aspects of the double-judgment rating-scale method: (1) Correlated Noise Examination of the response to the blank stimulus shows that the observer's two responses were not independent. That is, when the observer used category 1 for the low frequency, there was an overwhelming likelihood (67 out of 86) of also using category 1 for the high frequency. However, if category 2 or higher was used for the low frequency, then there was less than a 50% chance that category 1 would be used for the high frequency. Another way to demonstrate the response correlation to the blank stimulus is to note that, when category 1 was used for the high-frequency response, then category 1 was the most common low-frequency response. But, for high-frequency responses of 2 and 3, the most common low-frequency responses were 4 and 5. Other studies found similar results. 3 3 -3 4
Inhibitory Interactions
As was discussed earlier, several paradigms have revealed that a 3-c/deg and a 12-c/deg grating can be discriminated from each other easier than expected from their detectability. 33 -35 These results have led to speculations that inhibitory interactions are present. But other factors, such as correlated noise, improperly placed criteria, and limited attention, could mimic the effects of inhibition. The double-judgment rating paradigm provides a different sort of evidence that at first sight appears to be in favor of inhibitory interactions. Compare in Table 6 the response to the blank with the response to the 12-c/deg grating. Ignore for the moment the high-frequency judgment. For the blank stimulus, the lowfrequency judgments (see the accumulated values in Table   6) of the category-1 responses (a category-1 response indicates high confidence that the pattern was not presented) from 86 to 156. This shift in judged ratings to lower values is not the type of effect that is predicted from correlated noise. Rather, the shift could be due to sensory inhibition, or it could be a cognitive shift whereby the detection of the higher harmonic shifts the low-frequency criteria. There are many ways to extract a measure of inhibition. A ROC curve can be plotted from these 12 numbers, 3 1 and the d' distance between the two distributions can be obtained.
We have used several of the options of the ROC FLEX program 22 to make these calculations. Four methods were used and the results tabulated in Table 7 It is instructive to visualize the underlying two-dimensional probability distributions corresponding to the four stimuli. The picture in Fig. 8a illustrates the shapes of the distributions. Inspection of the raw data in Table 6 shows that all the distributions exhibit correlation or anticorrelation. These correlations are shown in Fig. 8a by using elongated shapes rather than circles to represent the distributions. The curves in Fig. 8a were drawn by freehand and are meant only to summarize crudely the shapes of the distributions. Olzak 35 fitted ellipses to the distributions; however, forcing the distributions to be ellipses may mask some important features of the distributions. For example, the fact that the distribution for the 3 + 12-c/deg compound stimulus looks more like a boomerang than an ellipse may have important implications for the underlying processing. The locations of the centers of the distributions, shown by the dots in Fig. 8a , were calculated by method 4 and are tabulated in Table 7 . One of the striking features of this table is the decrease in activity (negative d') of the 3-c/deg channel that is due to the presence of the 12-c/deg stimulus. This c/deg channel had been independent of the 12-c/deg grating, then these d' values should have been 0. It is seen, however, that all four methods for estimating d' agree that the presence of the high-frequency grating seems to inhibit the 3-c/deg channel on which the low-frequency ratings are presumably based. Similar results were found in other studies. 3 3 -3 4 It is worth remarking that, if this strong inhibitory interaction holds up under careful scrutiny, then our present models of spatial vision will require modification. These models involve spatial filters that are minimally affected by threshold-level stimuli separated by 2 octaves. 4 28 37 Before introducing complicating interactions into the model, it is worth considering whether the data might by understood in terms of response biases and correlated noise, as is discussed next.
Interactions versus Nonparallel Criteria Suppose that there were no interactions (correlations) between channels. In that case the underlying probability distribution for each stimulus is separable:
G(x, y) =
FL(x)FH(y), where FL(x)
and FH(y) are the probabilitydistribution shapes for the low-and the high-frequency- N(a, b) based on independent channels and orthogonal criteria leads to the following relationship among the number of responses in four categories:
Consider Table 6 is not simply due to correlations' becoming more negative as detectability in- of correlation might be difficult to attribute to interactions in early stages of visual processing. However, as will be seen, the pattern of switching correlations is quite easy to understand in terms of response bias. Figure 8b indicates an alternative way of understanding the same data set. Equation (17) was based on two assumptions: independence of the channels and orthogonality of the response criteria. By allowing the criteria to be nonparallel, it is possible to minimize the need for inhibitory interactions among barely visible stimuli. The relationship between Figs. 8a and 8b might be best understood by thinking of the figures as being drawn on a rubber sheet. By stretching and compressing the sheet of Fig. 8b , it is possible to straighten out the criteria lines, but in the process the circles will get distorted.
Conversely, one can stretch Fig. 8a until the ellipses become more circular, and in the process the criterion lines will twist.
Figure 8b is a freehand drawing in which the locations of the criteria were chosen to correspond approximately to the distributions in Fig. 8a . We do not mean to imply that all the features of Fig. 8a and Table 6 can be explained by nonorthogonal criteria. We shall argue, in fact, that an interaction is still required even with flexibly chosen criteria. The remainder of this paper will develop techniques for measuring properties of the response distributions that are relatively independent of the locations of the response criteria.
In order to clarify how two-dimensional response biases can affect the interpretation of channel interactions, it is useful Various features of the raw data of Table 6 can be understood in terms of the nonorthogonal criteria. Many of the interactions exhibited by the data may be due to response biases having to do with the observer's strategy of how to associate numbers with the underlying channel activity. (1) The correlated responses to the blank stimulus had previously been attributed to correlated noise in the sensory channel (Fig.  8a) . The response-bias explanation is shown in Fig. 8b , where the skewing of the response lines near the origin tends to increase the size of categories (1, 1) and (2, might be low so the response might be (2, 2) or (3, 3) . The observer would be reluctant to respond with (1, 1) since that is an extremal category reserved for cases in which he is sure the stimulus was a blank. He would also be reluctant to give an asymmetric response such as (1, 2), (3, 2), . . . since the percept was a blank with no asymmetry. This discussion is similar to our earlier argument (see the subsection on separate runs) that criterion fluctuations might be smaller in the bipolar than in the monopolar direction since the bipolar direction is stabilized because it involves the relative activity in two channels. Very similar psychological arguments can be made for the anticorrelation found near the (1, 6) and the (6, 1) categories. If an observer has confidence in one of his judgments (response categories 1 and 6 are confident judgments), then he will tend to have confidence in the other judgment, since the first judgment gives him the feeling that he was fully attending. Suppose, for example, that the observer thought that a 12-c/deg grating was present and that the 3-c/deg grating was absent. If that judgment were made during a period of high confidence (high attention), then the (6, 1) category might be used. However, if confidence was low, then the (5, 2) or (4, 3) categories [but not (4, 1)] might be used. An alternative explanation of the correlation structure seen in Table 6 is simply that observers have a general aesthetic bias in favor of extreme responses such as (6, 1) and symmetric responses such as (1, 1) and (2, 2).
There is also a natural explanation for the asymmetry in masking whereby activity in the high-frequency channel suppresses activity in the low-frequency channel more than the other way around. This effect could be because the observer uses a quite different criterion for the 3-c/deg judgment compared with the 12-c/deg judgment. Consider the response to the blanks in Table 6 . More than 70% of the high-frequency responses are in categories 1 and 2, whereas less than 40% of the low-frequency responses are in these two categories.
It would thus be much easier to reduce the responses of the low-frequency channel than those of the high-frequency channel. Further consideration of the origins of the shifted responses will be taken up at the end of this paper in our discussion of the contingent attention hypothesis.
THE ALGORITHM
One is hesitant to attribute all interesting features of ratingscale data to response biases, because this leaves little information about the underlying sensory mechanisms. What is needed is a new analysis method for extracting information from double-judgment rating-scale data that minimizes the effects of response bias. Standard signal-detection theory achieves this goal for one-dimensional rating-scale data. In the one-dimensional case, a d' distance between two distributions can be calculated that is independent of criterion placement as long as the observer's response distributions are similar to equal-variance Gaussians. In this section we propose an algorithm that achieves the same result for twodimensional rating-scale data.
For illustrative purposes, let us consider a simplified version of Table 6 in which there are only four response categories in each of the two judgments. Only the responses to the blank and to stimulus 1 (the 3-c/deg grating) are considered. maximally separates the two distributions. Such a boundary is shown as the line in the table that separates each distribution into two parts. The false-alarm rate corresponding to that boundary (number of responses to the blank that are above the criterion) is 15%, and the hit rate (number of responses to stimulus 1 that are above the criterion) is 85%, corresponding to d' = 2.08. The tilted boundary is appropriate even if the observer's criteria had been orthogonal and the correlations were due to correlated stimulus noise. A computer algorithm has been developed for finding the boundary that maximally separates two distributions (subject to some constraints). The output of the algorithm is a d' value for each pair of stimuli (six d' values for the four stimuli of Fig.  8 ). The algorithm uses a set of n numbers (n = 4 for our simplified example) to specify the location of the boundary. (2) Suppose that at the present stage of the algorithm the boundary is at (a, b, c, d ). Increment the boundary by one box in all possible ways: (a + 1, b, c, d) (a, b + 1, c, d), (a, b,  c + 1, d), and (a, b, c, d + 1) . For each of these boundaries calculate the hit rate, the false-alarm rate, and the d' (z -score difference between the hit and the false-alarm rates).
(3) Choose that boundary that has the highest d'. The corresponding hit rate and false-alarm rate can now be entered as a point on the ROC curve. Iterate this procedure by returning to step (2) . We have chosen to use d' at the negative diagonal. This estimator has a smaller (about half) variance than the horizontal intercept 3 8 and is less sensitive to ROC slope than is the estimate from the ROC area. An aesthetic advantage over the ROC area is that the optimal boundary separating the two distributions at the negative diagonal can be displayed. Table 8 presents the results for Olzak's data set from Table   6 . For each pair of stimuli (column 1) the following information is provided: (1) Column 2 specifies whether the algorithm started at the bottom or at the left edge. Table 7 . The Pythagorean sum of methods 2 and 3 of Table 7 (the negative-diagonal point and the equal-variance maximum-likelihood calculation) are shown in the last two columns of Table   8 .
For the stimulus pairs that involve the detection of a single component, the general orientation of the boundary is clear, so the choice of starting edge is unambiguous. However, for the 3 versus 12-c/deg discrimination or the blank versus 3 + 12-c/deg compound detection, the optimal starting edge is unclear, so both possibilities are used. It is seen that the starting choice affects d' by less than 2%.
A comparison of d' from the algorithm and from the orthogonal calculation is interesting. In general, the two calculations are quite close. The algorithm shows a slightly greater detectability of the compound grating (d' = 2.2. versus 1.9) and a slightly lower discriminability of the two single patterns (2.55 versus 2.7). The difference in d' for these two discriminations is reduced from -0.8 (2.7 -1.9) to 'z0.35 (2.55 -2.2). Both these changes reduce the need for hypothesizing interactions. As discussed above, interactions are not, in general, expected when stimuli are at threshold. Response correlations, on the other hand, can occur even with no stimuli being present.
The general agreement between the two calculations is reassuring and suggests that the algorithm does not produce Table 6 . The other data set was the blank responses from a similar experiment by Olzak on 3 c/deg versus 18 c/deg. These data are published elsewhere. 3 6 The algorithm's results are shown in the bottom two rows of 
RESULTS
In an experiment with four stimuli (blank, two single stimuli, and their compound), there are six d' distances that can be measured. The results of the algorithm are shown in Fig. 10 for both the 3 + 12-c/deg experiment and the 3 + 18-c/deg experiment. 3 6 In order to discuss the results, it will be convenient to introduce a notation for the different d' distances: D1 and D2 are the d' values corresponding to the detectability of each of the two single stimuli, DC is the detectability of the compound, DI is the discriminability between the two single stimuli, D2:1 is the d' for stimulus 2 in the presence of stimulus 1 (the discriminability between the compound and stimulus 1), and D1:2 is the converse. In Fig. 10 stimulus 1 is always 3 c/deg; and stimulus 2 is either 12 or 18 c/deg. If the two stimuli excited independent and orthogonal underlying channels, and assuming an ideal detector with Gaussian noise, then the latter four distances (DC, DI, D2:1, D1:2) could be related to the detectability of the two stimuli (D1, D2):
The goal of our analysis is to measure departures from these predictions. Any departure from these predictions will generally be called an interaction. Thus departures from Gaussian noise would show up as an interaction. In order to keep different types of interactions distinct, we shall define three categories of interaction: correlated noise, masking, and residual.
Correlated Noise (Inhibition) We have shown that the presence of nonorthogonal response criteria makes it impossible to distinguish between sensory inhibition and correlated sensory noise (or correlated criterion noise). In the remainder of this paper, correlated noise and inhibition will be used interchangeably. The simplest measure of correlated noise (inhibition) is to compare conditions under which only a single stimulus is present (DI, D1, D2). If the noise in the two channels is correlated, then DI (the discriminability between the two single stimuli) will be greater than the value predicted by the independence hypothesis. The measure to be used for quantifying correlated noise is cos 0, where O is shown in Fig. 10 :
This formula focuses on DI rather than DC since the latter can be affected by further interactions. The results are cos 0 = -0.03 0.12 and -0.08 h 0.12 (corresponding to 0 = 91.7 + 6.9 and 94.5 + 6.9 deg) for the 3 + 12-and 3 + 18-c/deg experiments. This quite small effect is not significant. The standard errors were calculated from the expression for the expected standard error of d'. 38 If DI for the 3 + 18-c/deg experiment had been 2.50 rather than 2.59, then cos 0 would be 0.00 rather than -0.08.
Masking
The dominant interaction exhibited in Fig. 10 The upper two distributions are blurred to the left, and the two right-hand distributions are blurred downward. This last panel seems to agree'best with the type of masking found in the data (see Table 4 ). ability of d' = 2 results in a 33% reduction of the d' of the test pattern. For the 3 + 12-c/deg experiment (Fig. 10a) , the results are M1:2 = 0.226 ± 0.060 and M2:1 = 0.071 + 0.048. For the 3 + 18-c/deg experiment (Fig. 10b) , the results are M1:2 = 0.146 ± 0.061 and M2:1 = 0.036 + 0.049. The standard errors were calculated from the expected standard error of each d' value. 3 8 The effectiveness of the higher harmonic in reducing the visibility of the 3-c/deg grating is significant, indicating the presence of interactions or attentional shifts that can not be attributable to the shape of the criterion lines. In the discussion of Fig. 11 , it will be suggested that these masking terms might be the consequence of a type of selective attention that occurs with the double-judgment rating technique and would not necessarily be found if a separate-runs method had been used. The extant data with separate runs fails to show masking for threshold-level stimuli.' was not shown. As discussed above, the raw rating-scale data seems to give evidence for both correlated noise (ie., elliptic shape of blank distribution in Fig. 5a ) and inhibition between mechanisms (ie., outward displacement of the centers of the single-component distributions). The d' values in Table 7 that are based on orthogonal criteria lead to a measure of inhibition of cos 0 = -0.17 (O = 100°) much larger than the value of cos 0 = -0.03 found by the algorithm. The reduction in amount of inhibition found by the algorithm means that the main contribution to the large opening angle (0 = 100°) is attributable to nonorthogonal response criteria rather than to correlated noise.
The masking effect is unambiguous. All methods show that the presence of one component lowers the visibility of a second component. The main effect is that the presence of the higher harmonic inhibits the 3 c/deg. But also the algorithm indicates that the 3-c/deg component reduces the d' of the 12-c/deg grating. One possible understanding of the masking is that it is standard spatial-frequency masking extrapolated down to low masker contrasts. Several studies 9 "l 0 showed that low frequencies are masked by high frequencies but not vice versa (a low frequency of appropriate contrast can facilitate a higher harmonic). One way to measure the strength of suprathreshold masking is based on the finding of a nearWeber's law between mask contrast and test contrast. For a Weber fraction of about 0.08. That is, in the presence of a 50% contrast mask, the threshold for the 3-c/deg test grating would be about 4%. When the mask has higher frequency than the test, the magnitude of masking is almost as large as if the mask were the same spatial frequency as the test. Levi and Harwerth 3 9 provide further evidence for strong masking with mask-frequencies of up to six times the test frequency. When the mask contrast was 10 times its threshold, the test contrast was elevated by a factor of about 1.8 for frequencies 1/6-1/4 of the mask frequency. Given such a strong suprathreshold effect, it is tempting to speculate that the effect holds down at threshold leyels.
However, there are several problems with interpreting threshold-level masking as an extension of suprathreshold For the Weber fraction to hold constant down to low contrast would require the masking to be a linear function of contrast.
But if the masking function were linear, then the sign of masking might be expected to be phase dependent, a result that is not found. (3) Low-contrast maskers might be expected to have an effect similar to a contrast reduction of the low-frequency pattern. However, inspection of the raw data in Table 6 shows that, rather than a simple shift to lower criterion values, the distribution of responses to the compound grating (the only stimulus in which both components are present) looks more like a boomerang than a displaced circular region. This is discussed below.
Compound Detection
To a first approximation, the visibility of a compound grating is determined by the independent visibilities of its components, 36 as long as the components are separated by more than an octave. This finding is the backbone of the successful multiple-channel approach. Most of the recent work on this topic has been concerned with the second-order effects related to the detailed assumptions in 'models of attention and probability summation. 7 It is useful to relate the present work based on d' distances in a Euclidean space to previous work on probability summation in the contrast domain. In the signal-detection framework, assuming an ideal observer, Gaussian noise, and independent channels, the visibility of the compound grating is given by DC 2 = D 2 + D2 2 . If d' = c t near threshold (where t is the transducer exponent), then the compound sensitivity (reciprocal of contrast threshold) is the Quick sum of the component sensitivities with a Quick exponent of 2t. 4 ' Thus, for a transducer exponent of t = 2, the Quick exponent would be 4. The Pythagorean sum of the components (Dl = 1.75 and D2 = 1.82) predicts DC = 2.52, whereas a value of 2.20 is observed. In.contrast units (using d' = c 2 ) the expected effect of probability summation was a 19% reduction in threshold of the compound compared with the component gratings, whereas an 1i% reduction was actually found. This discrepancy could be attributed to masking, correlated noise, nonoptimal strategies, nonGaussian noise, etc. As was discussed in the preceding paragraph, however, it is unlikely that simple masking would be found at threshold Correlated noise is a reasonable explanation since it certainly characterizes the blank distribution in Table 6 . However, the distribution of responses for the compound stimulus in Table 6 looks more like a boomerang than the elliptical shape found for the blank distribution. That is, if either rating, response is 5 or 6, then the number of responses in each category is always at least 11. On the other hand, if both ratings are less than 5, then the number of responses in each category is at most 11. The 3 + 18-c/deg data 3 6 show a similar boomerang.
The boomerang shape of the data on the detection of the compound grating may give a clue about the origin of the masking that occurs when both components are present. The distribution of responses seems bimodal whereby there are few occasions in which the low responses are given to both components. It is as if on some trials stimulus 1 masks stimulus 2 and on other trials stimulus 2 iasks stimulus 1. There never seems to be mutual interaction in which both ratings are reduced. The unusual nature of the responses to the compound stimulus is seen by examining the data along the negative diagonal in Table 6 : 26, 16, 9, 6, 18, and 20. The data show a dip in the middle-response categories rather than a peak, which would be expected from Gaussian distributions perturbed by noise.
A possible hypothesis for explaining the data is that of selective attention. On some trials the observer may be primarily attending to the 3-c/deg channel and on other trials to the 12-c/deg channel. Figure 11 helps to illustrate the consequence of this model. a total of 10 times. If the 12-c/deg pattern is also present, then the 3-c/deg stimulus is not seen a total of 84 times. The simple notion of selective attention is not able to account for this difference.
Contingent Attention
The following hypothesis may account for the observed data. Suppose that in the double-judgment task the observer sequentially searches both channels. As soon as activity is found in one of the channels (a high rating to one of the channels), the observer's expectation (response bias) of finding the second stimulus decreases (or possibly it is attention to the second stimulus that decreases). If nothing is found (a low rating) in the first channel, then the observer's expectation (or attention) for finding a signal in the second channel remains unchanged. This contingent-attention hypothesis will produce the response distributions shown in Fig. 11c . This distribution has many of the characteristics of the actual data.
One of the consequences of this contingent-attention hypothesis is the prediction that the masking would disappear if a separate-runs paradigm were used. In a separate-runs paradigm the observer would, in principle, attend fully to the relevant channel. This prediction is compatible with the separate-runs data of Olzak and Thomas, 
